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INTRODUCTION 
The Westinghouse Science and Technology Center has undertaken a program to 
develop nondestructive evaluation (NDE) techniques for characterizing the internal structure 
of SiC particle-reinforced aluminum matrix composites at critical stages during fabrication 
[1-5]. Because of the large number of processing variables in the manufacture of metal 
matrix composites (MMC), the likelihood of having detrimental discontinuities is high. The 
detection of potential defects early in the processing cycle would increase the overall system 
yield, lower costs, and enhance final product quality [4]. The aim of this investigation was to 
develop and conduct NDE at various stages of MMC fabrication, correlate the results with 
microstructural characterization, and establish qualified product quality assurance processes. 
A large-scale billet was fabricated specially using powder metallurgy techniques to facilitate 
this objective. The billet contained implanted silicon-carbide particle and aluminum powder 
clusters as inspection targets. The billet was subsequently extruded into a primary 
cylindrical extrusion, and finally into a flat plate. The NDE objectives included evaluating 
the detectability and mapping the implanted defects through each of the processing steps. 
Comprehensive evaluation of MMC structures requires the use of multiple NDE techniques, 
including ultrasonic, eddy current, and radiographic testing. This paper concentrates on the 
results of the ultrasonic investigations. Our experimental approach was: (1) fabricate a 
MMC billet with intentionally placed inhomogeneities; (2) develop and implement NDE 
techniques to characterize the MMC internal structure; (3) extend the NDE techniques to 
intermediate processing and final product forms; and (4) correlate the NDE data with 
microstructural characterization and mechanical testing results. 
METAL MATRIX COMPOSITE SYSTEM 
Metal matrix composites can be manufactured by powder metallurgy (PIM) 
techniques. The composite system investigated is an aluminum (6090) metal matrix 
reinforced with 25 volume percent silicon carbide particles, designated 6090/SiC/25p. The 
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aluminum alloy powder and the SiC powder were blended to form a powder mixture, which 
is then hot-pressed and consolidated into a composite billet. Following consolidation, the 
composite billet underwent thermal-mechanical treatments to develop final extrusion 
products. For this investigation the billet was extruded to a 15.2 cm (6 in.) diameter bar 
primary shape, and extruded to a 1.27 cm x 12.7 cm flat plate final shape. 
EXPERIMENTAL 
Ultrasonic tests were performed on the consolidated MMC billet, primary extrusion 
bar, and final extrusion plate in an immersion tank equipped with an automated X-Y-Z 
scanner, which is equipped with a rotating turntable and two-axis search tube. A PC-386 
equipped with a Sonotek 16-bit, 100 MHz AID convertor was used for data acquisition and 
display. A Krautkramer USIP-12 was used as a pulser/receiver. Axial scans were performed 
on the billet and primary extrusion bar using 3.5 MHz, 5.0 MHz and 10.0 MHz, 19 mm 
diameter, spherically focused transducers with 0 deg compressional waves directed parallel 
to the longitudinal axes. The data acquisition system was gated to record echo signals 
beyond the front surface. Radial scans of the billet and primary extrusion bar were 
performed using a 5.0 MHz, 50.8 x 25.4 mm rectangular element, cylindrically focused 
transducer with 0 deg compressional waves directed on the cylindrical radii. The transducer 
was designed to converge the beam nominally at the longitudinal centerline and the data 
acquisition system was gated to record echo signals between the cylindrical surface and the 
centerline. The extruded plate scans were performed using 10 MHz, 12.7 mm diameter, 
focused and unfocused transducers with a 0 deg compressional wave directed normal to the 
127 mm wide flat surface of the plate. The data acquisition was gated to record echo signals 
between the front and back surfaces of the plate. 
NDE CHARACTERIZATION OF LARGE-SCALE MMC BILLET 
Ultrasonic Results 
A large-scale 335 mm long x 349 mm diameter MMC billet was manufactured 
specially for use as a test sample. This billet was processed with near-optimum parameters, 
with adjustments made to accentuate any powder processing anomalies. Following 
compaction of the blended powder, a series of discontinuities was implanted into the green-
state billet. The discontinuities were implanted on two planes, each plane containing nine 
SiC particle clusters and three aluminum alloy powder clusters, as shown in Figure 1. The 
duplicate series of clusters were implanted to allow parallel investigations. The billet was 
parted after consolidation and NDE scanning, such that one half was used for further 
processing and the other half was sectioned for microcharacterization. 
An ultrasonic scan was performed from the round end of the billet where the beam 
was directed parallel to the billet axis. This axial scan identified all of the implanted SiC 
particle clusters, A2 through C4, as shown on the amplitude C-scan map in Figure 2. The 
axial scan also detected at least four significant indications not purposely implanted, labeled 
D, E, F, and G. The aluminum powder clusters were not detected. An ultrasonic radial scan 
was performed from the circumference of the billet where the beam was directed parallel to 
the billet radius as the billet was rotated. The radial scan detected only the implanted SiC 
particles clusters, A2 through C4. 
Correlation to Billet Microstructure 
The MMC billet was cut into two sections. The lower section, containing implanted 
defects lying on one plane was further processed to study the effects of extrusion. The other 
half of the 335 mm diameter MMC billet, containing the ultrasonic indications shown in 
Figure 2, was sectioned for microstructural characterization. The microstructure associated 
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Fig. 1. Sketch of the 6090/SiC/25p MMC billet showing characteristics of defects 
implanted prior to consolidation. Radial locations are not shown to scale. 
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Fig. 2. Axial ultrasonic C-scan map from the top of the 6090/SiC/25p billet. 
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with the implanted defects shows the degree to which the SiC particles were clustered. The 
example in Figure 3 is at the 6.4 mm diameter indication, B3. The top of the 
micrographshows the clustering is sufficiently dense to prevent the aluminum matrix from 
consolidating, resulting in a large pore. The typical appearance of the MMC microstructure 
in the billet away from any known defects or ultrasonic indications is shown in Figure 4 for 
comparison. It shows a uniform distribution of the smaller (1-10 Ilm) SiC particles in a 
pattern consistent with how they originally mixed with the larger (20-100 Ilm) aluminum 
particles prior to consolidation. 
The MMC microstructure was characterized in each ultrasonic indication area, which 
is not associated with the intentionally implanted defects. The general feature of ultrasonic 
indication G, shown in Figure 5, is an irregular shaped SiC particle cluster. The overall 
dimensions are approximately 2 mm long by 1 mm wide. Figure 6 shows a higher 
magnification micrograph of area "A", positioned inside indication G, which clearly exhibits 
that the SiC particles are closely packed as clusters. This shows that SiC particle clusters, as 
small as 1 mm, are efficient ultrasonic reflectors using the present techniques. Because SiC 
particle clusters typically degrade mechanical properties of the MMC [6], the present finding 
demonstrates an effective NDE method for assessing the quality of the MMC billets at an 
early stage of fabrication. 
NDE CHARACTERIZATION OF MMC EXTRUDED BAR 
The next manufacturing stage for the MMC product is the primary extrusion of the 
335 mm diameter consolidated billet to 152 mm diameter bar stock. One half of the large-
scale MMC test billet was extruded for purposes of continuing the NDE investigations. An 
axial ultrasonic scan was performed from the end of the round extruded bar. The axial scan 
results in Figure 7 show the basic pattern of SiC particle clusters remained similar to the 
pattern that is first seen in the billet C-scan (Figure 2). The clusters which were 75 mm from 
the outside diameter in the billet (A2, A3, and A4) are found now at or near the outside edge 
of the bar. The relative position of the more interior clusters also apparently shifted. 
NDE CHARACTERIZATION OF MMC EXTRUDED PLATE 
Ultrasonic Results 
A typical final product form for 6090/SiC/25p MMC material is an extruded flat plate. 
Following straightening and treatment to close the large crack, the 152 mm diameter primary 
extrusion bar containing the SiC particle clusters was further extruded to a flat plate with 
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Fig. 4. General microstructure of 
6090/SiC/25p billet. 
Fig. 5. Microstructure of ultrasonic 
indication G. 
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Fig. 7. Axial ultrasonic C-scan map from the top of the 6090/SiC/25p extruded bar. 
cross-sectional dimensions of 12.7 mm thick by 127 mm wide. An X-Y ultrasonic scan was 
performed on the flat plate. In Figure 8, the C-scan mapping results from a portion of the 
plate illustrate the final configuration of the SiC particle clusters. The ultrasonic indications 
marked 2, 3,5,6, 7 and 8 appear to be reflections from SiC particle clusters B2 through C4 
(not necessarily in the same order) . Also, a large area ultrasonic indication, at the lower left 
in Figure 8, shows that the crack seen in the primary extrusion bar remained as a detectable 
defect in the final plate extrusion. A transparent overlay was made from the C-scan results 
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Fig. 8. Ultrasonic C-scan map of the 6090/SiC/25p extruded plate area containing the 
implanted SiC particle clusters. 
to facilitate the layout of seven tensile testing specimens. Five specimens were positioned to 
contain various ultrasonic indications in the gage length. The two other specimens were 
positioned to be free of ultrasonic indications. 
Correlation to MMC Mechanical Properties 
Measurements of the SiC particle clusters in the extruded plate were made from the 
ultrasonic C-scan data. Next, uniaxial tensile tests were performed on five of the specimens, 
four with and one without ultrasonic indications. The tensile testing results plotted in Figure 
9 show a decrease in MMC strength for the specimens containing ultrasonic indications, 
compared with the specimen containing no indications. A direct correlation is shown 
between the measured ultrasonic indication width and the mechanical properties, especially 
for ultimate tensile strength and elongation. Direct measurements from scanning electron 
micrographs were made to determine the widths of the exposed SiC particle clusters. The 
results are plotted in Figure 10, showing that the direct SEM measurements and ultrasonic 
measurements compared very well within the resolution of the scanning system. 
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Fig. 9. 6090/SiC/25p extruded plate 
tensile testing results. 
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Fig. 10. Width of implanted SiC 
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Fig. 11. Micrograph of the fracture face 
of tensile specimen #3, in the area of 
the SiC particle cluster. 
Correlation to MMC Microstructure 
Fig. 12. Higher magnification 
micrograph of the fracture face of 
tensile specimen #3. 
Scanning electron microscopic examinations of the fracture surfaces were conducted. 
All of the specimens taken from ultrasonic indication areas showed the presence of SiC 
particle clusters. An example is the micrograph in Figure 11, showing the fracture face of 
specimen #3, in the area of the SiC particle cluster. Here, the 12.7 mm plate thickness is 
oriented horizontal and the 127 mm plate width is oriented vertical. The extrusion process 
has caused the SiC particle cluster to deform to an extremely flattened shape. Note how the 
shape is optimum for ultrasonic detection, because the scan was performed with the 
ultrasonic beam directed in the horizontal direction. Higher magnification SEM 
examinations reveal that the SiC particle cluster remained sufficiently dense to prevent 
complete consolidation of the clusters, as shown in Figure 12. The ultrasonic test was 
sensitive enough to detect a 100 ",m thick SiC particle cluster in the MMC extruded plate. 
SUMMARY 
A large-scale metal matrix composite billet containing implanted discontinuities was 
fabricated for NDE investigations. The NDE investigations were extended to follow these 
SiC particle clusters through subsequent thermal-mechanical processing to determine the 
optimum technique for detectability and characterization. Highlights of the results are: 
1. Ultrasonic techniques are demonstrated as capable of detecting SiC particle clusters as 
small as 1 mm in a large-scale P/M-consolidated MMC billet. 
2. The aluminum powder clusters cannot be detected by ultrasonic techniques in a large-
scale MMC billet. 
3. Ultrasonic techniques are demonstrated as capable of detecting and characterizing the 
SiC particle clusters as they change due to subsequent extrusions. 
4. SiC particle clusters as small as 1.6 mm diameter x 6.4 mm long, implanted in the billet 
green-state remain as internal structural discontinuities in the final extruded plate 
product. 
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5. Tensile testing results show the effects of the clusters on reducing the mechanical 
strength of the MMC product. 
6. Ultrasonic' characterization of the SiC particle cluster widths in the plate product is 
accmate and well correlated with mechanical strength results. 
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